We determine the quantum scattering time τq in six graphene samples with mobility of 4,400 < µ < 17,000 cm 2 /Vs over a wide range of carrier density (1.2 < n < 6x10 12 /cm 2 ). τq derived from Shubnikov-de Haas oscillations ranges ∼25-74 fs, corresponding to a single-particle level broadening of 4.5-13 meV. The ratio of the transport to quantum scattering time τt/τq spans 1.5-5.1 in these samples, which can be quantitatively understood combining scattering from short-ranged centers and charged impurities located within 2 nm of the graphene sheet. Our results suggest that charges residing on the SiO2 surface play a dominant role in limiting carrier mobility in current samples. 72.15.Lh Understanding and eliminating extrinsic scattering sources in graphene is critical to the advancement of its fundamental study and technological applications. Despite many theoretical and experimental investigations into possible candidates, including charged impurities (CI), adsorbates, substrate corrugations, and ripples, contradictory observations remain and a clear picture has yet to emerge. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 To date, most experimental studies have focused on probing the carrier mobility µ, or equivalently the transport scattering time τ t = m * µ/e. 8, 9, 10, 11, 12, 13, 14, 15 Another important parameter in two-dimensional (2D) transport, the quantum scattering time τ q , has not been well studied. τ q characterizes the momentum relaxation of a quasi-particle and relates to its quantum level broadening Γ through Γ =h/2τ q . Quantitatively, the difference between τ q and τ t in graphene is shown in the following equations:
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A systematic comparison between τ t and τ q has not been made.
In this work, we report a comprehensive study of τ q in six graphene samples over a wide range of carrier densities 1.2 < n < 6 × 10 12 /cm 2 and mobility 4,400 < µ < 17,000 cm 2 /Vs. τ q is obtained from Shubnikov-de Haas (SdH) oscillations and ranges approximately 25-74 fs in these samples, corresponding to Γ = 4.5-13 meV. The n-dependence of τ t , τ q , and their ratio τ t /τ q can all be explained by a self-consistent Boltzmann transport theory 3,17 using three parameters: the charged impurity density n imp , the impurity-graphene distance z, and the resistivity from short-ranged scatterers ρ short . Our results indicate that the mobility in current graphene-onSiO 2 samples is limited by scattering from charges residing within 2 nm of the graphene sheet. We speculate that charges present at the graphene/SiO 2 interface are the major sources of scattering.
Single-layer graphene sheets are mechanically exfoliated onto 290 nm SiO 2 /doped Si substrates and identified optically. Rectangular pieces are processed into Hall bar devices using standard e-beam lithography followed by metal deposition (Fig. 1 inset) . The fabrication details are given in Ref. 23 . Representative data from four samples (denoted as samples A-D) are presented in details.
Transport experiments are performed in a pumped He 4 cryostat with a base temperature of 1.4 K and equipped with a 9 T magnet. Standard lock-in techniques are used with an excitation current of 50-200 nA. The doped Si substrates serve as back gate electrodes, to which a voltage (V g ) is applied to tune the carrier density and hence the conductance of graphene. We extract carrier density from SdH oscillations and obtain a gating efficiency of α = dn/dV g = 7×10 10 /cm 2 V of the backgate. All measurements are taken at T < 10 K to eliminate electronphonon scattering. τq and τt/τq are given for n ∼ 3 x 10 12 /cm 2 . The uncertainty in z is 1-2Å for all samples. Data in parenthesis are after the corrections of density inhomogeneity.
sources:
1,2,3
In this framework, ρ short denotes a constant contribution to resistivity from short-ranged scattering sources such as defects or neutral adsorbates. CI are thought to give rise to a linear σ(V g ), which implies a constant field effect mobility µ FE and consequently τ t ∝ √ n. Equations 2 produce excellent fittings to the σ(V g ) data of all our samples. The resulting µ FE and ρ short span 4,400-17,000 cm 2 /Vs and 40-165 Ω respectively (Table I) , covering much of the variations reported in the literature. The residue conductivity σ res ranges 0.1-0.35 mS.
12,24 In samples exhibiting electron-hole asymmetry, our analyses focus on the carrier type with the higher µ FE to avoid complications associated with contact doping.
25
Although Eqs. 2 provide a good description of existing conductivity measurements, the origin of scattering sources in graphene is still under debate. In addition to CI, ripples, resonant scatterers and midgap states are also potential candidates. 4, 5, 6, 7 Unlike potassium adatoms,
12
certain adsorbates seem to dope graphene but not degrade its mobility. 9 The role of the dielectric environment also appears controversial.
13,14,15 While Jang et al. find agreement with the model using ice as a top dielectric layer, 13 Ponomarenko et al. report screening effects much smaller than expected from the CI model using liquid dielectric layers. 15 Within the charged-impurity model, the origin of such impurities remain unclear: Adsorbates on top of graphene, charges adsorbed/trapped at the graphene/SiO 2 interface or residing inside the substrate are all possible candidates. We have measured the quantum scattering time τ q in graphene to further address the above issues. We determine τ q from the magnetic field dependence of SdH oscillations following procedures well-established in conventional 2DEGs.
20 Figure 2 (a) shows the magnetoresistance ρ xx (B) of sample A at n = 3.89 × 10 12 /cm 2 and T = 1.6 K. The oscillatory amplitude δρ xx can be described by:
Here ρ 0 is the non-oscillatory background resistance, γ th is the thermal factor, and ω c the cyclotron frequency in graphene. Here Figure 2 (b) plots δρ xx /γ th vs. 1/B in a semi-log plot (the Dingle plot), where we extract τ q = 34 fs from the slope of the linear fit. The corresponding δρ xx calculated from Eqs. 3 is plotted in Fig. 2(a) as dashed lines and exhibits excellent agreement with data. In each sample, the same procedure is repeated at different densities for n > 1.2 × 10 12 /cm 2 , where several well-developed SdH oscillations are observed before the onset of quantum Hall states. In some traces, a slowly varying background is subtracted before the determination of δρ xx , as described in Ref. 23 . Figure 2 (c) plots τ q (n) in samples A-D (also listed in Table I for n = 3 × 10 12 /cm 2 ). τ q (n) increases with increasing n in all samples and spans 25-74 fs for
1.2×10
12 /cm 2 < n < 6 × 10 12 /cm 2 . These values correspond to a quantum level broadening Γ = 4.5-13 meV and are in line with Γ = 20-30 meV extracted from the adsorption linewidth of cyclotron resonances at n < 1 × 10 12 /cm 2 .
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The n-dependence of τ q in Fig. 2(c) agrees qualitatively with that of σ(V g ) in Fig. 1 . This can be seen by separating the long and short-ranged components in τ t,q using the following equations:
Due to a small ρ short , both τ t and τ q in sample A follow closely the √ n dependence expected for charged impurities residing in the graphene plane (z = 0). 17 Large ρ short and higher µ FE in samples B-D (Table I) cause both scattering times to deviate from the √ n dependence. However, τ q does not correlate with µ FE in a simple relation. Samples B and C exhibit similar µ FE , but their τ q differ by a factor of 2. Samples A and B show comparable τ q s despite the significant difference in µ FE . Sample C, with a moderate µ FE and the highest ρ short , exhibits the highest τ q .
To understand the above observations, we calculate the ratio τ t /τ q (n) and the long-ranged component τ Table I ). Samples A and B show nindependent τ t /τ q of 2.7 and 5.1 respectively. For the other two samples, τ t /τ q decreases slightly with increasing n, varying from 1.9 to 1.5 in sample C and 4.3 to 3.3 in sample D. Clearly, the angular distribution Q(θ) in Eqs. 1 differs significantly in these samples.
By evaluating τ long t /τ long q (n), we find that such variation may be naturally explained by varying the impuritygraphene distance z within the charged-impurity model. Theoretical calculations of short and long-ranged ratios are given in solid and dashed lines, respectively, in Figs. 3 (a) and (b) . 3, 17 According to this model, the τ long t /τ long q (n) of sample A provides further evidence for the domination of CI located in the graphene plane (z = 0), where a constant 2.5 is expected (dashed line).
3,17
The τ t /τ q (n) in sample C falls between the dashed and solid lines, which is the result of a large short-ranged component. Its τ long t /τ long q (n) exhibits an approximate constant ratio of 2.1, also pointing to CI located in the graphene plane (Fig. 3(b) ). τ long t /τ long q in samples B and D range from 5-7 and are best described by CI located 2 nm away from the graphene sheet (Fig. 3(b) ). In all six samples, we find 2 < τ long t /τ long q < 7, corresponding to CI located within 2 nm of the graphene sheet.
The knowledge of the impurity-graphene distance z is essential in correctly determining the CI density n imp in the vicinity of graphene. In the CI model, n imp is related to µ FE through µ FE = C/n imp , where C = 5×10
15 /Vs is n-independent for z = 0.
12 At a finite z, C increases with increasing n due to screening. Using the equations in Refs.
3,17 , we numerically calculate C(n, z) and estimate n imp by fitting σ(n) to Eq. 2. The results are listed in Table I while an exemplary fitting is given in Ref. 23 . Clearly, µ FE (or τ t ) is affected by both z and n imp . For example, the difference in µ FE between samples A and D mainly stems from z, instead of n imp . In contrast, τ q serves as a better measure of n imp due to its weaker dependence on z.
Next we briefly assess the effect of density inhomogeneity δn on the measurement of τ q . Caused by CI, δn measures approximately a few 10 11 /cm 2 near the Dirac point, 16, 26 and is expected to decrease with increasing n due to electron screening. 27 δn introduces phase smearing in ρ xx (B), effectively reducing the SdH oscillation amplitude and suppressing the value of τ q determined through the Dingle plot, as demonstrated in GaN 2DEGs. 21 We have used the intercept of the Dingle plot at 1/B = 0 as a criterion 20 to obtain δn and the corresponding corrections to τ q . Details are given in Ref. 23 . We estimate δn to be ∼ 7×10 10 /cm 2 in sample A, and ∼ 9×10 10 /cm 2 in sample B. These estimates are consistent with the highest filling factors observed in these samples (ν = 46 for sample A and ν = 74 for sample B). Overall, δn/n decreases rapidly with n, in agreement with theory; but the magnitude is only a few percent in the density range we studied, which is significantly smaller than the theoretical predictions. 23, 27, 28 The above correction leads to ∼ 20% increase of τ q in sample A and 50% in sample B. The corrected τ q s are given in Table I in parenthesis. In samples C and D, the corrections are smaller than the error bars of τ q and therefore omitted. τ long t /τ long q in sample B now corresponds to CI located at z = 1 nm instead of previously determined z = 2 nm, but the main picture does not change.
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Our study of τ q and τ t /τ q provides critical information in differentiating various scattering scenarios in graphene. 4, 5, 6, 7, 17 A detailed comparison to theory is only made for the CI model at this point, but can be extended to other proposals as quantitative predictions become available. The diverse behavior our samples exhibit can all be understood very well within the CI model using three parameters: n imp , z, and ρ short . We speculate that uncontrolled spatial variation of SiO 2 surface properties, as well as sample preparation conditions (e. g. humidity) may have been the primary reasons behind the observed differences among samples, although variations in preparation procedures cannot be ruled out. 23 Our results indicate that the dominant CI reside within 2 nm of, and sometimes in the immediate vicinity of the graphene sheet. Primary candidates of this nature are charges carried by adsorbates on top of graphene and/or at the graphene/SiO 2 interface. The role of adsorbates is especially highlighted in the current annealing treatment of suspended graphene. 10, 11 In the literature, various approaches, including resist-free processing, 16, 29, 30 UHV baking, 13, 16 and current annealing, 31 have been used to remove contaminants on top of graphene without significant improvement to mobility. These observations collectively suggest that adsorbates on top of graphene cannot be the major culprit in limiting mobility at the current level. Instead, we speculate that charges (e. g. Na + ) and molecular groups (e. g. OH) adsorbed/trapped on the SiO 2 surface prior to the exfoliation of graphene are the major source of scattering. The z = 0 found in samples A and C lends strong support to this hypothesis. Moreover, the small z observed in other samples can be accounted for by the existence of a spacer layer between graphene and SiO 2 (e.g. H 2 O). The evidence of such a layer is widely observed in AFM height measurements of graphene. In this scenario, the concentration of adsorbed charges (n imp ), together with the thickness of the spacer layer (z) can account for the wide span of mobility seen in our samples. It may also explain why graphene on a variety of substrates displays a similar range of mobility 15 since the bulk properties of these substrates are less relevant here.
Finally we note that the above determined z can be expanded to represent an average impurity-graphene distance. Using this concept, we consider the contribution of uniformly distributed charges within the bulk of the SiO 2 substrate. Our simulations show that oxide charges in commercially available SiO 2 are unlikely to be a major source of scattering at the current mobility level.
In conclusion, we have systematically studied the quantum and transport scattering times in graphene. Our data will prove useful in critical examinations of existing scattering scenarios. Within the CI model, the ratio of τ t /τ q indicates that charged impurities residing within 2 nm of the graphene sheet are the main sources of scattering in graphene. Such information provides important guidance to the effort of improving carrier mobility in graphene.
